Organic-inorganic halide perovskite solar cells have recently attracted much attention due to their low-cost fabrication, flexibility, and high-power conversion efficiency. The reduction from three-to two-dimension (2D) promises an exciting opportunity to tune the electronic properties of organic-inorganic halide perovskites. Here, we propose firstprinciples density-functional theory based route to study the effect of reduced dimensionality, impurity doping, and heterostructure engineering on energy stability, bandgap and transport properties of 2D hybrid organic-inorganic halide perovskites. We show that the energetic stability of two-dimensional organic-inorganic halide perovskites can be significantly enhanced by chemically depositing MoS2 monolayer as a precursor in the system by heterostructure engineering. While on one hand, the structures have similar and excellent transport properties as their bulk counterparts, on the other, they possess the advantage of a broad range of tunable band gaps. Our predictions will expedite future efforts (both theoretical and experimental) in the synthesis, measurements and applications of high performance perovskites. 2 Over the last decade, perovskites have been one of the most intensively examined classes of materials because of their outstanding optoelectronic properties. [1] [2] [3] [4] [5] [6] Fig. 1 (c) ) of the slab shrinks the overall slab volume by 1.33% with respect to experimental bulk MAPbI3.
transport, suffer from stability issues. A potential solution is to employ planar heterostructures in lieu of the 3-dimensional (3D i.e., bulk) films. 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] Quantum confinement effects in 2D chemistries increase the band gap due to a blue shift that decreases with increasing number of layers in a heterostructured material. [24] [25] [26] [27] While increasing the number of inorganic layers decreases the bandgap, simultaneously it is detrimental to the stability.
Renewed interest in thermoelectrics is motivated by the realization that complexity at multiple length scales can lead to new mechanisms for high performance perovskite materials. Theoretical predictions suggested that the thermoelectric efficiency could be greatly enhanced by quantum confinement 28 by ionic doping or heterostructure engineering. [29] [30] The heterovalent or isovalent metal ions such as (Sn 2+ , Cd 2+ , Zn 2+ ,
Mn2+
) have been introduced as dopants with the possibility of imparting paramagnetism to increase stability. The heterostructure engineering by chemical layer deposition has also been tried to enhance the photoluminescence, 35 charge-transfer mechanism, 35 and surface dopant. 36 Both doping and chemical layer deposition can lead to quantum confinement (QC) of charges. The QC helps narrowing down electron energy bands with the decreasing dimensionality, which produces high effective masses and Seebeck coefficients. Moreover, similar sized heterostructures decouple the Seebeck coefficient and electrical conductivity by electron filtering 37 that could result in improved performance. Despite all the progress, our theoretical understanding of doping and heterostructure engineering effect on underlying electronic and transport properties of perovskites is sparse and limited.
We employ first-principles density functional theory (DFT) to examine the stability, Fig. 1 (c) ) of the slab shrinks the overall slab volume by 1.33% with respect to experimental bulk MAPbI3.
In case of Mn-doped 2D MAPbI3, the calculated (experimental 48, 49 ) lattice parameters are: The doping results in a more stable structure by distorting the neighboring environment, see charge density plot in Fig. 4 (b) (top), compared to pure 2D structures (Fig. 2) .
However, the bandgap of Mn-doped OIHP decreases due to large structural distortion. The states and feebly by S-3p states.
To obtain a deeper insight into the electronic properties of the now functionalized MoS2ML, we compute the density of states (DOS) and full charge densities (projected and full, which includes VBM and CBM) for MoS2ML/MAPbI3ML, illustrated in Figure 5 . 
Thermoelectric properties of bulk and 2D variants of MAXI3 (X=Pb, Sn):
A band-structure possessing a large-effective mass in CBM, with a minimum of about 5kBT above the VBM, can potentially achieve nonmonotonic Seebeck coefficient, and hence a large PF. 54 Deposition of MAPbI3ML on MoS2ML introduces resonant states that can achieve a tailored band structure. We determine the band effective mass, m* from second order derivative of the band energy with respect to the wave vectors:
where, x and y are the directions in reciprocal space, n is the band index, is the band energy, and ℏ is the modified Planck's constant. The derivatives have been evaluated at CBM for electrons (m e ) and at VBM for holes (m h ). The reduction in dimensions from bulk to 2D creates opportunities to optimize the highly anisotropic structures due to the smaller directional effective mass (electrical conductivity, ∝ In TE materials, a high Seebeck coefficient (S) at a given carrier concentration results from a high overall DOS effective mass (md*). However, decreases with increasing md*, and also depends on the inertial effective mass, m*. Ioffe showed empirically that for doped semiconductors to be good TEs, the sweet-spot for carrier concentration, n ~ 10 18 -10 20 per cm 3 , corresponding to degenerate semiconductors or semimetals. 56 Here, we predict a similar range for nhole and nelectron. As the doping concentration increases, increases and S decreases. Figs. 6 (a) and (b) present S predictions for 2D MAPbI3 (left-panel) and MoS2ML/MAPbI3ML (right-panel). In comparison with bulk MAPbI3, 57 we find that S of 2D MAPbI3 is ~20% lower. 57 The large S in bulk MAPbI3 arises from the DOS and band mobility. As shown earlier in Fig. 3 , the DOS above and below the Fermi level have a significant contrast in the bulk structures 53 compared to the 2D counterparts, and the smaller m* in 3D materials leads to an increased band mobility 57 that is important to enhance the electronic transport. In Fig. 6 , we show that bulk MAPbI3 has slightly better TE properties than 2D MAPbI3 and MoS2ML/MAPbI3ML, however, 2D counterparts have better energetic stability (see Fig. 2 ). For all practical purposes, the latter is more important, as stability of materials signifies that 2D MAPbI3/MoS2ML/MAPbI3ML can be formed in a laboratory environment and will not degrade as quickly as bulk MAPbI3. ) are presented at 300 K, 500 K and 800 K, respectively (ML = monolayer). The optimal value of power factor (e, f) for the two cases occur at a chemical potential of +0.025 and +0.04 Hartree, respectively. We show that MAPbI3ML/MoS2ML retain the thermoelectric properties of bulk with an order of magnitude increase in the energy stability (see Fig.2 ). 57 
